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Awr. XXVIL—The Magnetic ]’/'o'pm'ties of Stulloy.

By H. R. HAMLEY, M. A,
AND
A. L. ROSSITER, B.Sc.

(Government Research Scholars, University of Melbourne).
(With Plates LXIL-LXYV.).
[Read November 10th, 1910,

(Cominunicated by Professor T. R. Lyle).

In the following paper are given the results of an investiga-
tion into the magnetic properties of the iron alloy called
* Stalloy.”  Particular attention has been given to “ Stalloy”
by many investigators on account of the claims made by its
inventor (Hadfield) with regard to its magnetic properties. The
special feature of this alloy is its high specific electric resist-
ance and high permeability. The specific resistance being
about four times that of the best transformer iron, the eddy-
current loss for a given thickness of sheet would be greatly
reduced, so that lamination need not be carried out to anything
like the extent necessary with ordinary iron, and the question
of insulation of laminae becomes less troublesome. It is more
expensive than ordinary iron, but the increased expense is com-
pensated by a reduction in size of the transformers ete., con-
structed of it, an increase in output, and greatly improved
efficiency.

The special chemical feature of * Stalloy ” is that it con-
tains about 3.4 per cent. Silicon. The value of this alloy 1s
emphasised in a paper by Epsteinl, where several tests of its
properties are given.

Several investigations have been made by other experimenters
by direct current methods, which agree fairly well together.

1 Epstein. J.LE.E.,, vol. xxxvi,, 1807. Professor Turner gives the analysis as follows:
Carbon .03, Silicon 3.4, Sulphur .04, Phosphorus .01, Manganese .32, Iron 96.20 per cent.



326 . R Hawley and A. L. Rossiter :

The most interesting of these are given by Wilson and others!,
Watson,? and the manufacturers, Sankey and Sons.”

Sowe interesting experiments on an alloy very closely allied
to  Ntalloy ™ are given by Barrett, Brown, and Hadfield®, and
by Baker.”

The object of the present research was to investigate the
magnetic properties of “ Stalloy.” not only with direct cur-
rent, but also with alternating currents of varying frequencies.
quencies.

The experiments have been divided into three divisions:—

(1) Statical tests.
(2) Effect of variation of frequency on magnetic hysteresis.
(3) Eftfect of annealing upon each of the above.

The usual statical experiments were made for inductions ex-
tending up to about 14,000, From these results were cal-
culated the hysteresis losses and Steinmetz coefficients using as
exponent in the usual formula the value 1.6 which was found to

he approximately correct for this substance. The determina-
tion of these coefficients is important as from their values we
are able to separate the hysteresis from the total loss in each
of the alternating experiments.

The tests were made upon two rings as nearly alike as
possible; one annealed, the other unannealed.

The alternate current experiments were divided into three
seriex, of periods .07, 035, .02 respectively. In each of these
the period and wave form of the magnetizing current were kept
as nearly as possible constant as the induction density in-
creased. The expressions for the amplitude and phase both of
H and B are given in the tables which follow.

I'rom these expressions, for each pair of associated waves of
H and B was calculated the total loss per c.c. per cycle (I).

This wax found to follow fairly well a formula proposed by
Lyle3 for total loss in iron, namely : —

| = (a+ Bn) B2 *

1 Wilson, Winson and (¥Dell.  Proc. Roy. Soe. Lond., 1908, vol. Ix\x,
2 Watson. Electrician, vol. Ix., . 4.

3 Article “*Stalloy.”  Electrician, vol. iviii., p. 692.

4 Barrett, Brown and Handfield. J.LE.E., 1902,

5 Baker. J.1LE.E., December, 1904,
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where «, B and » are constants for the material, n the fre-

quency and 3 is the © effective induction,” a quantity of great
twportance in the caleulation of the eddy current loss (I9), as
will be explained later.

The method cwployed was similar to that described by
Professor Lyle!'. By means of his wave-tracer® the wave forms
of the magnetizing current and the vesultant magnetic flux
pulsating in the iron can be accurately determined. The full
wave being obtained, fifteen ordinates per half wave were taken,
from which, without plotting, the first. third and fifth har-
monics composing the waves can be caleulated.  Two methods
of harmonic analysis were used (1) for approximately sinnsoidal
waves, that devised by Lyle’, (2) for waves into which har-
monics higher than the fifth entered considerably, that ot 8. P,
Thompson*.

The wave forms having been analysed, the results were re-
duced to absolute measure by the application of proper factorsd.
The magnetizing force and induction were thereby obtained in
the form—-

H = H [sinol+ Zsiud(wl — ¢y) + ssindlwl — )+ oo ooone. ]

B =B [sin(wf - 0) + bsin3(wi - 6,) + bsind(wf — )+ ... .. .. ]

In general, harmonies higher than the fifth were neglected
and are not given in the tables. In calculating the total losses,
however, these upper harmonies were included.

From these equations the value of the total loss per c.c. per

cyele—-

]=717-/-”dli
47

Wsing + 3,0,53(60, - b,) + b6, — b)) |

is deteruined.

The amount of eddy-current loss per e.c. per cvele (E) was
calculated from the approximate formula given by Searle and
Bedford’.

T. R. Lyle. Phil. M
T. R. Lyle.  Phil. Mag., 1903, vol. vi.

1 ag., 1905, vol. ix.

2

3 T. R. lyle.  Phil. Mag., 1906, vol. x1., also Proc. Roy. Soc. Victoria, vol. xvii.
4

5

S. P. Thompson. Electrician, 1905,
Searle and Bedford.  Phil. Trans., 1902, App.
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IN A db
b 12,,( ar )

Where X is the space average of eddy-current loss.

z the thickness,
p the specific resistance,
p the permeability being assumed constant.

From this the eddy-current loss per c.c. per cycle may be
reduced to the formd.

E wix®

oA
= "

Gpv M

where R=B[1+ 95+ 2562+.......]
aB

@)

2 )
=‘TR.M.S.(

The statical hysteresis (U) was determined by Ewing and
Klaasen’s ballistic method, and from the results the Steimmetz co-
efficient o obtained was plotted against the maximum induction by
the use of the formula—

U =oBY.

Max.

In order to determine the value of U for alternating cur-
rents, it was assunied that it was equal to that obtained by the
statical method for maximum induction equal to the maximum
value (B;) of B. From the above mentioned graph and formula
U has been calculated for all inductions.

Having obtained all these quantities, the valnes of F-U-LK;
:alled by Fleming the ‘kinetic hysteresis,” were caleulated.
These as well as I, U, E, have been given for each experiment.

The rings were prepared from the same sheet and were
made as nearly alike as possible. A thin sheet of waxed paper
separated each pair of discs and the wire used in the winding
was taken from the same coil.  After the laminae were well
cleaned the mean thickness was determined by the speecific
gravity method.

The specific resistance was determined by the “drop of
potential ” method agammst a standard .1 ohm by means of a
Wolfl’s potentiometer. Experiments were made on two samples,
one of length about 20 cms. cut from the sheet, and another
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from a thin annulus cut from one of the actual rings used.
The results differed by less than .1 per cent and agreed fairly
well with the results of other experimenters.

The details of the coils are:—

Annealed. Unannealed.
No. of laminae - - s 6 6
Internal diameter - - - 6.927 cms. 6.927 cms.
External |, - - - 9.549  cms, 9.557 cms.
Mean thickness () - - L0757 em. 0739 cm.
Area of cross section - - 0953 sq cm. .0830 sq. cm.
Length of magnetic circuit - 2587  cms. 25,90  cms.
Primary turns - - - 135 135
Secondary turns - - - 10 or 50 10 or 50
Specific resistance at 19° C - 50320 50440
Specific gravity at 19° C - 7.58 7.582

The reduction factor of the galvanometer used in the second-
ary circuit was obtained by passing the current from a cadinium
cell through a megohm and the galvanometer in series.

All the resistances used were carefully tested during the course
of the experiments, as were also the two standard DM coils which
were used to determine the absolute value of the magnetizing
force.

The symbols used in the accompanying tables are as follow :—

T = period = 27/w =07, 035, ‘02 approx.

H = H [sinw/+ Zsind(of — ¢y) + Asind(ol — ¢) + . ... ... ]

B= [;l[sm(wt —0) +bsin3(w — 0 - Y, ) +bsind(wl—0—y,)+ .. ]
B/H, p=DB,/H,.

A 4B
U=0oB® B=Y R.)[.s.(—d—l

<
(0}

I =Total loss per c.c. per cycle.

U = Statical hysteresis loss per cycle.

E = Eddy current loss per cycle.
1—U—E = Kinetic hysteresis per cycle.

In Tables L., IL, HI., are given the analytical results reduced
from the series of experiments on the annealed ring. while
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Tables IV., V., V1., vive the corresponding results for the un-
annealed ring.

In each set a space is left in the rows below which the in-
fluence of the higher harmonics hegin to be noticeable. Ten-
erally the sign of these higher harmonics is negative in
the waguetizing force, and in the induction always positive.
S, . Thompson’s method of analysis was used for these more
distorted waves and the inclusion of the higher harnionics con-
siderably modified the total losses.

Above the space in the rows, the readings may be taken as
belonging to approximately sinusoidal waves.  In the graphs
all the chief characteristics of the induetion waves are plotted
against the amplitude of their first harmonic (B,).

The vesults of the statical experiments show several inter-
esting features. The hysteresis constant has its maximum value
abont 0015 whieh is about the same as Epstein’s value. On
plotting it against the induction a smooth curve was obtained
whieh rises fromn the origin to a maximum value at an induc-
tion of 3000 (the value of o being .00122), it then decreases
to @ minimum at 4000, after which there is a steady rise whieh
continues as far as the experiments go. This curve is similar
in shape to that obtained when using ordinary iron.t

* Stalloy 7 needs careful handling especially in the unan-
nealed state in order to obtain symmetrical resnlts.  When the
magnetizing current is gradually increased and reversals are
frequently the hysteresis loops are symumetrical and the Stein-
etz coefficient when plotted against the maximum induction
gives a smooth graph. But if, after working at high densities,
an experiment is made with a small magnetizing force the loop
will he found to be nnsymmetrical and the corresponding value
of o will lie outside the previously obtained o graph. This
has also been drawn attention to by Wilson. In the unannealed
state therefore ™ Stalloy 7 seems to be magnetically unstable so
that the previous history of the material has a very marked
effect upoun its subsequent hehaviour. The annealed * Stalloy ”
showed similar results hut these were very little more notice-
able than those obtained for ordinary iron.

1 T. R. Lyle.  Loc. cit.
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The other chief vesults of annealing are to increase the per-
meability and to lower the hysteresis loss.  The values of the
permeability p did not rise to nearly the values obtained by
other observers. For unannealed * Stalloy 7 the maximum is
2660 at an induction of about 4000 and in the annealed rises
to 3500 at an induction of about 6000,

Table VIL. Statical Results.

(@) Unannealed Sta]loy.

. B... T U
1 6366 743 2 167 i 32 90
2 9879 [ 2301 | 2329 287 4
3 1257 3338 2655 5230
4 1500 3987 r 2658 677 9
5 1801 4734 2629 9287
[ 1992 5161 2591 1057
7 3189 6805 2134 1668
8 6632 9404 1418 3061
9 1 747 11458 976 4 4172
10 19 497 12532 6428 4609

(b) Annealed Sta“oy.

N2 H... B... } T u
1 6411 684 + I 1068 32417
2 9464 2262 | 2390 2668
3 1276 4152 | 3254 699 7
4 1'756 807+ [SEHISH 1318
s 1977 6762 3420 1564
6 6320 11645 1842 3966
-2 . IEHQSIS R W 31015 1870 e GIDOR

The more important results of the experiments for alterna-
ting currents will be readily seen by reference to the accom-
panying figures while their more accurate details are given in

Tables I. to VI.
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In making comparisons between “ Stalloy” and ordinary
iron the results obtained by Professor Lyle for good samples
of transformer iron have heen assumed.

In Figs. 1, 2a, 2b, the more important characteristics of
the induction waves which are set out in Tables I. and IV. are
plotted against the amplitudes of the first harmonies of these
waves.

The curves obtained for “Stalloy ” are typical in general
appearance of those obtained for iron and, although plotted
here for only the lowest frequency, will be found similar in ap-
pearance for all the induction waves, provided the periods are
constant throughout a series of experiments and are produced
by currents of similar wave forms.

The characteristics p, and 6 fall in all cases to low values as
the values of B, become small and probably vanish with B,
The rise of 6 in the region of low deusities is steeper for annealed

)

iron than for annealed “Stalloy,” the appearance of the graph
for iron being somewhat like that drawn here for the unannealed
«Stalloy.” There is this important difference, namely, that for
iron, 6 frequently rises to maximum of 52° whereas for “Stalloy”
the maximum obtained for the same frequency was 47°.

The effect of annealing upon 6 is to increase its magnitude for
all inductions over about 2000. It will be noticed in the accom
panying graph that the maximum value of @ increases on anneal-
ing from 33° to 38°.  After attaining a maximum value for 6 the
graph assumes a steady downward gradient, which is practically
constant for both annealed and unannealed samples.  Along this.
aradient there is approximately a constant difference in value
of 6 of about 8° for all values of the above inductions. For
ordinary working inductions therefore 8 may be taken as the
increase effect produced upon 6 by annealing.

A ditterence in the appearance of the permeability curve is
to he noted. For iron this curve takes an almost parabolic form,
having its axis vertical and its apex at an induction of about
10,000 the maximum value of p, rising only a little above
3,000 generally.

Annealed “Stalloy 7 has a maximum  permeability of 4140
which is attained at an induction of 6300, while the unannealed

ring gives & maximum value of about 3100 at an indnction of



Sl‘ullO}/. 337

4500.  The p, graph for ©Stalloy” is therefore steeper for the
smaller inductions hefore the maximum value is reached, after
this the downward gradient is more gradual than for iron and at
the same time more constant.  In general, for a given induction
1o 15 considerably greater for “ Stalloy ” than for iron.

The effect of annealing is to increase the value of the char-
acteristic very largely. The magnitude of this increase will be
best seen in Fig. 1, the corresponding curves for the other
periods of alteration being very similar in appearance,

The total loss (I.) in the ¢ Stalloy” shows a distinet im-
provement over that for iron. For all inductions and for all
frequencies the total loss is found to be less for “Stalloy ” than
for ordinary iron of the same thickness. A very fair impres-
sion of the Stalloy ” total losses will be obtained by taking
two-thirds of the corresponding values for ordinary iron at all
inductions. It 1s also important to notice that these losses
ave greatly reduced by anmnealing. This reduction is not very
appreciable for inductions below 5000, but above that there is
a marked difference. It will be noticed however that the curves
intersect where the induction is 15,500 ; for inductions above
this the annealed losses increase very rapidly. In comparing
these figures with those obtained for iron by Lyle it should be
remembered that we have included the effects of the higher har-
monicy which in the unannealed ring were considerable. The
conclusions arrived at for these total losses, namely that
“ Staltoy 7 is superior to iron in this respect and that anneal-
ing very considerably reduces such losses, although discussed
for one speed only are fully borne out by the results for the
other speeds as will be readily seen by plotting curves for the
total loss from the other tables given.

Fig. 2a shows the effect of annealing upon the phase lag of
of the third and fifth harmonies of the indnetion behind the first.

Both ¢, and ¢, fall rapidly from a maximum value for each as
the value of B, is increased from zero, they then seem to reach
small Hmiting values when B, is increased to high values. Here
again as in the statical experiments the necessity of careful
handling was proved imperative. We obtain further evidence
of the instability of the unannealed *“Stalloy,” for in general the
experimental variation from the graph is wider for it than for

>
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the annealed ¢ Stalloy.” In one series of experiments in which
the readings were extended to an induction of about 20,000 the
analysis showed that all the ¢’s suddenly tended towards a zero
value but as the higher harmonics were so pronounced and the
wave form so distorted these results are not included in the
tables or graphs. That these angles tend to zero value at the
high inductions may be seen by plotting the readings for Table

II1.
Comparison with iron show that for extreme values, i.e., for

very low and very high inductions the values of the i’s are about
the same. But between these limits the “Stalloy” gradient is
less steep than that for iron especially for the higher frequencies,
so that in general fora given induction ¢ is greater for « Stalloy ”
than for iron. Annealing as can be seen in Fg. 2a has the effect
of increasing ¢ fov all inductions, this increase being more marked
in the higher frequencies.

In Fig. 2b are given the corresponding curves for 4, and 4,
These curves apparently start from the origin, rise rapidly until
B, =1000 and then steadily and gradually increase. The shapes
of the curves are similar to those obtained for iron, and the
values obtained about the same, a very slight increase being
noticeable. Annealing makes only a slight difference in these
characteristics for the low frequency, for the curves intersect more
than once, and what variation there is might almost be due to
instability.  On plotting the figures for the higher frequencies,
however, we notice a gradual decrease as was the case for iron in
the values of 2, and 2; as we increase the frequency, as well as a
marked difference between the values for the unaunealed and

2

annealed ¢ Stalloy,” which amounts in the highest speed taken
to about 10 per cent. of the latter.

From a practical point of view Fig. 3 is perhaps the most
interesting. In this figure the values of the total, hysteresis,
and eddy-current losses are given for the annealed ring. These
curves show an almost proportional increase of I and E with
increase of frequency. That this should be so for E is evident,
but on examination we find that I is given approximately in
terms of »# and % for values of induction up to 11,000 by
the Steinmetz analogue proposed by Lyle for iron. Namely
for the annealed ring.
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1=(.00106 +.00002267) %"

and for the unannealed ring
1=(.0018++.00003312) %"

These forms agree fairly well with experiment except in a
few isolated cases occurring chiefly in the unannealed sample.
The value of the exponent for each case is remarkable, for
it seldom falls below 1.57 for iron.

A fair average equation for transformer iron was found to be

1=(.001754.000027 ) B

The results for eddy-current losses found by us fully sub-
stantiate the claims made by the makers of “Stalloy.” The
value of the specific resistance was found slightly higher than
that given by other experimenters but 50,000 may be taken as
a fair working value. - These dises. which are much thicker
(.075 em q.p.) than those usually used in iron work, show an
eddy-current loss much less than that calculated for iron of only
half the thickness, the value being about one quarter of the
total loss. Seeing that for “Stalloy ” 1 is itself less than for
iron, the former must be considered admirably suitable for
transformer work. The values of E increase rather considerably
with increase of frequency the relative increase being greater
than for I. This fact will be seen from Iig. 3 which gives
all the losses to the same scale.

Perhaps the most remarkable results are those obtained for
the hysteresis loss U. The values for the middle frequency (.035)
only are plotted in the figures ; but by examining the Tables I. and
H1. 1t will be found that the values for the other frequencies prac-
tically coincide with those from which the graph is plotted. Results
for ordinary iron show an increase of U with frequency which
although small is still much greater than the maximum variation
for «Stalloy ” which occurs between the frequencies .035 and .02,
The values of U for frequencies .07 and .035 are practically identi-
cal. For *Stalloy ” therefore U seems to be independent of
the frequency and only about half the magnitude of that ob-
tained for ordinary iron.

The values of the “kinetic hysteresis” I-U-E are given in
the tables. On plotting, these results will be found to form
smooth graphs which reveal an increase of magnitude with
increase of frequency. Here again the values are less than

84
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those obtained for transformer iron. The values of U obtained
by us are less than those obtained by Wilson, Winson and
‘0'Dell, and others, but are practically identical with the results
given by Barrett, Brown and Hadfield for a sample of silicon
iron closely allied to ™ Stalloy ” in composition.

Fig. 4, which shows the effect of variation of frequency
upon the retardation and permeability for the annealed sample,
is interesting in view of the results just referred to. In general
the results show a similarity of variation to those obtained for
iron, that is 6 increases regularly with increase of frequency
while p, decreases. In both cases the maxima are reached at
about the same induction, those for 8 at an induction of 4500 and
for p, at an induction of about 6500.

One point is striking, namely, that the graphs for u, for fre-
quencies .035 and .02 intersect. Since there were a fair number
of points taken and the results were very different in the two
cases, this cannot be due to experimental error nor to any varia-
tion in the wave form of the magnetizing current, for the tables
show this to be very constant. Corresponding to this deviation
from the usual result will be noticed a distinct ditference in the
general appearance of the graphs for  which is not existent in
the graphs for iron. This correspondence is to be expected
seeing that p, and § each depend on B, and o as well as upon
the wave formof H,, \Whatever deviation from the usual rule for
iron there is, seems to have taken place in the middle frequency,
so that for this particular frequency p, is for inductions up 5000
less that one would expect. It may be possible that the previous
high current densities used in the lower frequency had some after
effect lasting until the maximum was reached, though precau-
tions were taken to avoid this.

Summing up, therefore, generally, we may say that the chief
results to be noticed are that —

(1) * Stalloy ” cannot be used to advantage in the un-
annealed condition.

(2) In the annealed state the results obtained fully bear
out the claims made by the makers, the permea-
bility being very high and the losses small, par-
ticularly the eddy-current loss.
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